MicroRNAs (miRNAs) are small noncoding RNAs that extensively regulate gene expression in animals, plants, and protozoa. miRNAs function posttranscriptionally by usually base-pairing to the mRNA 3 -untranslated regions to repress protein synthesis by mechanisms that are not fully understood. In this review, we describe principles of miRNAmRNA interactions and proteins that interact with miRNAs and function in miRNA-mediated repression. We discuss the multiple, often contradictory, mechanisms that miRNAs have been reported to use, which cause translational repression and mRNA decay. We also address the issue of cellular localization of miRNA-mediated events and a role for RNA-binding proteins in activation or relief of miRNA repression. 
INTRODUCTION
MicroRNAs (miRNAs) comprise a large family of small ∼21-nucleotide-long noncoding RNAs that have emerged as key posttranscriptional regulators of gene expression in metazoan animals, plants, and protozoa. In mammals, miRNAs are predicted to control the activity of more than 60% of all protein-coding genes (1) and participate in the regulation of almost every cellular process investigated to date (reviewed in References 2-4). miRNAs regulate protein synthesis by base-pairing to target mRNAs. In animals, most studied miRNAs form imperfect hybrids with sequences in the mRNA 3 -untranslated region (3 UTR), with the miRNA 5 -proximal "seed" region (positions 2-8) providing most of the pairing specificity (reviewed in References 2 and 5). Until very recently, it appeared that plant miRNAs generally base-pair to mRNAs with nearly perfect complementarity and trigger endonucleolytic mRNA cleavage by the RNA interference (RNAi) mechanism. However, new findings indicate that animal-like mechanisms also broadly operate in plants and that plant miRNAs can repress mRNA translation without a pronounced effect on mRNA stability (6, 7) .
Generally, miRNAs inhibit protein synthesis either by repressing translation and/or by bringing about deadenylation and subsequent degradation of mRNA targets (reviewed in References 5, 8, and 9) . More recently, however, some miRNAs were reported to activate mRNA translation (10) (11) (12) (13) (14) . miRNAs function in the form of ribonucleoprotein complexes, miRISCs (miRNA-induced silencing complexes). Argonaute (AGO) and GW182 [glycine-tryptophan (GW) repeat-containing protein of 182 kDa] family proteins represent the best-characterized protein components (reviewed in References 8 and 9). Components of miRISC (including miRNAs as well as AGO and GW182 proteins) and repressed mRNAs are enriched in processing bodies (P bodies, also known as GW bodies), which are cytoplasmic structures thought to be involved in the storage or degradation of translationally repressed mRNAs (15, 16) . Some P-body components are important for effective repression of protein synthesis by miRNAs (17) (18) (19) (20) . Recently, multivesicular bodies (MVBs) and endosomes were also identified as cellular organelles contributing to miRNA function or miRISC turnover (21, 22) .
The mechanistic details of miRNA's function in repressing protein synthesis are not well understood. In addition, the results from studies conducted in different systems have often been contradictory. It is difficult to conclude whether the reported discrepancies are artifacts of different experimental approaches or whether miRNAs are indeed able to exert their repressive effects by disparate mechanisms (5, 8, 9, 23) . This article reviews the current knowledge on mechanistic aspects of miRNA-induced repression of protein synthesis in animal and insect cells and discusses the disparities regarding different modes of miRNA function. We also highlight new findings indicating that miRNA-mediated repression is a regulated process. For example, under specific cellular conditions, miRNAmediated repression can be prevented or reversed (24, 25) . Moreover, factors have been identified that control repression by distinct subsets of miRNAs (26, 27) . For recent reviews addressing mechanistic aspects of miRNA repression, see References 5, 8, 9, 23, 28 , and 29. Other reviews discuss biogenesis (30, 31) and biological functions (2-4, 32) of miRNAs.
PRINCIPLES OF TARGET RECOGNITION BY miRNAS
miRNAs interact with their mRNA targets via base-pairing. With few exceptions, metazoan miRNAs base-pair with their targets imperfectly, following a set of rules which have been formulated based on experimental and bioinformatics analyses (2). The most stringent requirement is a contiguous and perfect Watson-Crick base-pairing of the miRNA 5 nucleotides 2-8, representing the seed region nucleating the interaction. In addition, an A residue across position 1 of the miRNA and A or U across position 9 improve miRNA activity, although they do not need to base-pair with mRNA nucleotides. However, functional miRNA sites containing mismatches or even bulged nucleotides in the seed have also been identified as exemplified by the Lin-41 mRNA targeted by let-7 miRNA in Caenorhabditis elegans (33) . Complementarity of the miRNA 3 half is quite relaxed, though it stabilizes the interaction, particularly when the seed matching is suboptimal. Generally, miRNA-mRNA duplexes contain mismatches and bulges in the central region (miRNA positions [10] [11] [12] that prevent endonucleolytic cleavage of mRNA by an RNAi mechanism. AU-rich sequence context and structural accessibility of the sites may improve their efficacy (2). Usually, multiple sites, either for the same or different miRNAs, are required for effective repression, and when the sites are close to each other, they tend to act cooperatively (34, 35) .
Most of the predicted and experimentally characterized miRNA sites are positioned in the mRNA 3 UTR. However, animal miRNAs may also target 5 UTR and coding regions of mRNAs, as documented by experiments involving both artificial and natural mRNAs and also by bioinformatic predictions (12, (36) (37) (38) (39) . Sites located in coding regions appear to be less robust than those in the 3 UTR (36, 37) , but inclusion of rare codons to slow down the ribosome transit through the miRNA site region can increase their potency, likely owing to the facilitated occupancy of the site by miRISC (37) . Interestingly, in some instances, association of miRNAs with 5 -UTR target sites appears to activate rather than repress translation [(12, 13) ; and see below].
3 and 5 ends of the miRNA, respectively (40, 41) . The details of miRISC assembly are not well understood. The process may be coupled to miRNA processing by Dicer and to the selection of the mature miRNA strand from the complementary passenger strand (referred to as miRNA * ). Many Argonaute paralogs are encoded in metazoan and plant genomes but only some, known as AGO proteins, function in miRNA or both miRNA and siRNA pathways; others are dedicated to the function of piRNAs in germ cells or to other classes of small RNAs (40) . In mammals, four AGO proteins, AGO1 through AGO4, function in miRNA repression, but only AGO2 (Figure 1) , having an enzymatically competent RNaseH-like PIWI domain, which cleaves mRNA at the center of the siRNAmRNA duplex, also functions in RNAi (42) . Involvement of AGO1 through AGO4 in miRNA repression is demonstrated by their association with similar sets of miRNAs and proteins identified in immunoprecipitation experiments (42) (43) (44) (45) and also by their ability to repress protein synthesis when artificially tethered to the mRNA 3 UTR (46) (47) (48) . Although these and some other data argue against paralog-specific functions of mammalian AGO proteins (49) , there are indications that some AGO proteins are more potent repressors than others when tethered to reporter mRNAs (48) . The cell-or tissue-specific differences in the relative abundance of individual AGOs suggest that the robustness of miRNA-mediated repression may differ between different types of cells (48) . There are also indications that AGO2 in mammals may have some specific functions that cannot be complemented by the other Argonaute proteins. For example, knockdown of AGO2 in human HEK293 cells engenders a much more profound effect on miRNA-mediated repression than knockdowns of the other AGO proteins (50) , and knockout of AGO2 but not the other Argonuates is embryonically lethal in mice (42) . In addition, AGO2 is essential for hematopoiesis in mice (51) . Because this requirement is independent of the endonucleolytic activity of AGO2, the specific role of AGO2 in hematopoiesis involves miRNA regulation rather than its potential role as an RNAi factor. In Drosophila, it was thought that AGO1 is exclusively dedicated to the miRNA pathway, whereas AGO2 functions in RNAi. However, recent data indicate that AGO2 also gets loaded with a subclass of miRNAs and represses protein synthesis via a mechanism that differs from the one induced by AGO1 [(52-54) ; and see below]. In C. elegans, which expresses 27 Argonaute proteins, only ALG (Argonaute-Like Gene)-1 and -2 function in the miRNA pathway (40) .
Biochemical studies (55, 56) and X-ray structures of prokaryotic AGO-like proteins in complex with small RNAs (or their mimics), or in a ternary complex also including a target RNA (41, 57, 58) , offer a molecular basis for some of the rules for mRNA recognition by miRNAs. The 5 -terminal miRNA nucleotide, in a monophosphorylated form, is anchored in a deep pocket at the junction of the MID and PIWI domains, with the terminal phosphate and the base interacting, either directly or via a magnesium ion, with conserved AGO amino acids. Nucleotides at miRNA positions 2-6 contact AGO through the phosphate-ribose RNA backbone and are displayed on the protein surface in a semihelical conformation, with the bases available for hydrogen bonding to the target mRNA. These properties explain why the nucleotide at the miRNA position 1 does not need to base-pair to the target and why perfect complementarity in the seed sequence is crucial for nucleating the miRNA-mRNA interaction (41, 57, 58) . Association of the miRNA 3 end with PAZ may be transiently disrupted to relieve the topological constraints during propagation of the miRNA-mRNA duplex over two helical turns (59) .
GW182 proteins are another group of factors, which is crucial for the miRNA-induced repression (Figure 1) (60) . They interact directly with and act downstream of AGOs. There are three mammalian GW182 proteins (known as TNRC6A, -B, and -C) (Figure 1 ) and a single Drosophila homolog (dGW182, also known as Gawky). GW182 proteins contain GW repeats in the N-terminal portion, followed by a glutamine (Q)-rich region, a domain of unknown function (DUF), and an RRM (RNA recognition motif) domain. Some GW182s contain in addition a putative ubiquitin-associated (UBA) domain. The C. elegans counterparts of GW182 proteins, AIN-1 and AIN-2, contain GW repeats but lack the DUF and RRM domains (61, 62) . The GW repeats are responsible for the interaction of GW182 with the AGO proteins (63, 64) . Disruption of the GW182-AGO interaction, by point mutations or a peptide competing with GW182 for AGO binding, abrogates miRNAmediated repression (64, 65) . The region extending from the N terminus to the Q-rich domain is responsible for targeting dGW182 to P bodies (17) .
Direct tethering of GW182 to an mRNA in Drosophila cells leads to repression of protein synthesis even in the absence of AGO1, consistent with a mechanism whereby GW182 is the effector of AGO function (17) . Recent mutagenesis analyses of mammalian GW182 proteins identified their C-terminal segment, encompassing the DUF and RRM domains as well as sequences C proximal to RRM as a minimal protein fragment, which effectively causes both translational repression and mRNA destabilization when tethered to the mRNA (66, 67 ). An equivalent fragment was also found to act as a repressive domain in dGW182 (63, 68) , although one of these studies identified the Q-rich and N-terminal GW-rich regions of dGW182 as additional autonomous domains active in inducing repression (68) . Structural and mutagenic analyses of the C-terminal inhibitory fragment of GW182 proteins indicate that regions flanking the RRM, rather than the DUF and RRM themselves, are important for repressing protein synthesis (63, 67, 69 (71, 72) . Other examples include the RNA helicase RCK/p54, a P-body component that is essential for inducing repression (17, 20) , and Importin 8 (Imp8), which, in addition to its role in transporting AGO2 to the nucleus, functions in miRNA repression in mammalian cells by enhancing the association of AGO2 complexes with target mRNAs (73) . The TRIM-NHL family proteins, TRIM32 in mammalian cells and NHL-2 in C. elegans, were recently reported to enhance the activity of selected miRNAs by binding to core miRISC components (26, 27) . Very little is known about how these proteins function in miRNA-mediated repression.
INTRODUCTION TO EUKARYOTIC TRANSLATION
The process of translation is divided into three steps: initiation, elongation, and termination. Initiation involves the assembly of an 80S ribosome complex positioned at the translation start site of the mRNA. This is followed by the elongation of the peptide chain. Termination entails the release of the newly synthesized protein and dissociation of ribosomal subunits from the mRNA. In eukaryotes, the rate-limiting step under most circumstances is initiation.
Consequently, initiation is the most common target for translational control. All nuclear transcribed eukaryotic mRNAs contain at their 5 end an m 7 GpppN group (where N is any nucleotide) termed the 5 cap, which facilitates ribosome recruitment to the mRNA. Some cellular and viral mRNAs are translated via alternative cap-independent mechanisms.
Cap-Dependent Translation
Cap-dependent translation requires the participation of at least 13 different eukaryotic initiation factors (eIFs). It is accomplished through a mechanism whereby the small (40S) ribosomal subunit, in a complex with a number of eIFs, binds the mRNA near the 5 cap and scans the mRNA in a 5 →3 direction until it encounters an AUG (or a near-cognate) codon in an optimal context (reviewed in Reference 74). Recruitment of ribosomes to the mRNA is facilitated by the 5 cap and the 3 poly(A) tail, via protein factors bound to these structures, the eIF4F complex, and the poly(A)-binding protein (PABP), respectively. The eIF4F contains three subunits (75, 76) : (a) the eIF4A, an ATP-dependent RNA helicase that is thought to unwind the mRNA 5 -UTR secondary structure; (b) the eIF4E, a 24-kDa polypeptide that specifically interacts with the cap (77); and (c) the eIF4G, a large scaffolding protein that binds to both eIF4E and eIF4A and other proteins. The poly(A) tail functions as a translational enhancer whereby the PABP directly interacts with the eIF4G to effectively circularize the mRNA (78) . The PABP-eIF4G interaction promotes mRNA circularization to stabilize the interaction of the eIF4E with the cap, thus enhancing the rate of translation initiation (79) .
Cap-Independent Translation
The discovery of the internal ribosome entry sites (IRESs) in picornaviruses two decades ago (80, 81) has provided an alternative mechanism of translation initiation. IRESs provide an internal ribosome-binding site, thus bypassing the requirement for the cap. Subsequently, IRESs have been documented in a multitude of cellular mRNAs (82) . Always (with the exception of hepatitis A virus), IRESs function independently of eIF4E. Certain IRESs [such as those of poliovirus and encephalomyocarditis virus (EMCV)] function via direct binding of the eIF4G subunit of the eIF4F complex to the IRES (83, 84) . The hepatitis C virus (HCV) IRES bypasses the need for the entire eIF4 family of proteins and binds directly to eIF3 and the 40S ribosomal subunit (85) . The CrPV (cricket paralysis virus) contains an intergenic IRES, which recruits the ribosome via a mechanism completely independent of initiation factors, whereby the IRES mimics an aminoacylated tRNA and positions itself within the P site of the ribosome (86, 87) . This allows the CrPV IRES to initiate translation from a non-AUG codon.
miRNA-MEDIATED REPRESSION OF TRANSLATION
A large number of in vivo and in vitro studies addressed the mechanisms by which miRNAs suppress protein synthesis. These studies showed that miRNAs either inhibit translation of target mRNAs (Figure 2) or facilitate their deadenylation and subsequent degradation (Figure 3) . In the following sections, we summarize these findings and analyze the molecular mechanisms involved. We discuss a complex relationship between mRNA translation and its deadenylation and decay, which could shed light on the source of diversity in the outcome of the miRNA mechanistic studies.
miRNA-Mediated Repression of Translation Initiation
Lin-4, the original miRNA, which was discovered in C. elegans, was initially shown to cause inhibition of translation of lin-14 without a reduction in mRNA levels or a shift in polysomes, leading to the conclusion that miRNAs inhibit mRNA translation at the elongation step (88) (89) (90) . Although additional reports supported such a conclusion in other experimental systems, many other results pointed to defects in the control of translation initiation and mRNA stability.
miRNA-mediated repression of translation initiation was first observed in HeLa cells using both mono-and bicistronic reporter mRNAs whose 3 UTRs were targeted by either endogenous (let-7) (46) or artificial (CXCR4) (91) miRNAs. Analysis of mRNA levels failed to detect pronounced degradation of miRNAtargeted mRNAs, demonstrating that translation was indeed inhibited (46, 91) . Importantly, let-7 targeted mRNAs shifted to lighter fractions of polysomal density gradients, an event that is indicative of repressed translation at the initiation step caused by a defect in ribosome recruitment to the mRNA. This was not an isolated observation, as similar shifts were observed in Huh7 cells for the miR-122-targeted CAT-1 mRNA (24) , in HEK293T cells for a miR-16-targeted reporter mRNA (92) , and in C. elegans for multiple miRNA-targeted mRNAs, including the daf-12 and lin-41 mRNAs, which are regulated by the let-7 miRNA (93).
Targeting of cap-dependent translation.
Several groups reported that mRNAs that lack a functional 5 -cap structure, or whose translation is cap-independent, are refractory to miRNA-mediated translational repression (46, 91, (94) (95) (96) (97) . mRNAs with a nonfunctional ApppG cap structure, targeted by the CXCR4 miRNA mimic, were not repressed as well (∼twofold repression) as mRNAs bearing the m7G cap (∼fivefold repression) in HeLa cells (91) . mRNAs containing HCV (46), EMCV (46, 91) or CrPV (91) IRESs were refractory to miRNA-mediated repression in transfected HeLa cells. Moreover, tethering of either the eIF4E or the eIF4G to the intercistronic region of bicistronic mRNAs promoted translation of the second cistron regardless of whether let-7 target sites were present in its 3 UTR (46) . Collectively, these investigations in cultured cells pointed to the possibility that miRNAs interfere with either eIF4E function or eIF4E recruitment to the 5 -cap structure of miRNAtargeted mRNAs (Figure 2a) . The conclusions from the cell culture studies are strongly supported by in vitro experiments using cell-free systems that faithfully recapitulate the action of miRNAs in cells. In cell-free extracts from mouse Krebs II ascites cells (referred to as Krebs extracts) (97), Drosophila embryos (96) , and HEK293 cells (95) , inhibition of mRNA translation or deadenylation was dependent on the ability of the "seed sequence" of the miRNA to base-pair to the target sequence in the mRNA. Addition of oligonucleotides, which are complementary to miRNAs (antimiRs), to the extract prevented miRNA function. The three systems mentioned above made use of an endogenous miRNA targeting for in vitro synthesized mRNAs. All these aforementioned studies concluded that the miRNA-mediated translation inhibition occurs at the initiation step and is due to the interference with the cap recognition process. This is further supported by the findings that miRNAs failed to inhibit IRES-dependent translation or translation from ApppG-capped mRNAs (95) (96) (97) . More detailed analyses revealed that miRNAs inhibited ribosome initiation complex formation; miR-2 inhibited both 40S ribosomal subunit recruitment and 80S initiation complex formation in fly embryo extract (96) , and 80S initiation complex formation was impaired in mouse Krebs extract (97) . A study by Zdanowicz et al. (98) points to the 5 -cap structure itself as being a direct target of miRNA-mediated translational repression. miR-2-targeted mRNAs bearing modifications to the triphosphate bridge of the 5 cap demonstrated increased translational repression in both Drosophila embryonic extracts and S2 cells (98) . Strong evidence for the notion that the cap recognition machinery is indeed the target for miRNA-mediated translational repression was the demonstration that adding a purified eIF4F complex to the Krebs extract alleviated translational repression of let-7-targeted mRNAs (97) . In contrast to these results, Wang et al. (99) showed that in a rabbit reticulocyte lysate the CXCR4 artificial miRNA impairs translation by inhibiting the joining of the 60S subunit, even though the 5 cap was required for the inhibition. It is possible that this inconsistence with former results stems from nuclease-treated rabbit reticulocyte lysate not displaying cap-poly(A) tail translational synergy (100, 101) , which may, in turn, alter the outcome of miRNA-mediated repression.
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Efforts to elucidate the mechanism by which miRNAs impede the cap recognition step of translation initiation have not been successful. In a promising study, Kiriakidou et al. (102) observed that AGO2 binds directly, albeit weakly, to the cap structure and suggested that this binding competes with eIF4E and results in inhibition of translation initiation. The authors reported that the AGO MID domain exhibits limited sequence homology to the cap-binding protein eIF4E and contains two aromatic residues that could function in a similar manner to those in eIF4E in sandwiching the cap structure. Mutating the two aromatics to valines abolished AGO2 interaction with m 7 GTP-Sepharose and impaired its ability to repress translation when tethered to an mRNA 3 UTR. Although this model is appealing, it was brought into question by Eulalio et al. (65) , who demonstrated that mutation of the two aromatic residues interfered with the binding of AGO proteins to GW182, interacations that are required for miRNA-dependent repression. Moreover, structural modeling by Kinch & Grishin (103) indicated that AGO2 shares extremely limited, if any, structural similarity to eIF4E. Thus, it is questionable whether AGO proteins bind directly to the cap structure, and even if this is the case, the binding might not occur via the reported aromatic residues.
Another mechanism that the miRISC might utilize to inhibit cap-dependent translation is by interacting with a component of the capbinding complex, eIF4F. Using a Drosophila embryo extract, Iwasaki et al. (52) demonstrated that both dAGO1, which associates with most miRNAs in Drosophila, and dAGO2, which is loaded only with a subclass of miRNAs (53, 54, 104, 105) , can induce miRNA-mediated repression, albeit through different mechanisms of action. dAGO1 inhibits protein synthesis by repressing translation and inducing mRNA deadenylation and subsequent decay through its interaction with dGW182 (17, 65) . In contrast, dAGO2 repression appears not to involve dGW182. Instead, dAGO2 was found to bind to eIF4E on targeted mRNAs, and the authors propose that dAGO2 represses cap-dependent translation by competing with eIF4G for binding to eIF4E. Notably, the dAGO2-eIF4E interaction mechanism is most likely not evolutionarily conserved as eIF4E has not been found to interact with mammalian AGO2 (106) . Moreover, translation driven by tethered eIF4E was found to be refractory to let-7 repression in HeLa cells (46) .
Repression by inhibiting the 80S complex assembly. As mentioned above, Wang et al. (99) reported the enrichment of 40S but not 60S ribosomal subunits in complexes formed by mRNA undergoing miRNA-mediated repression in reticulocyte lysates. The authors postulated that miRNAs may repress initiation by inhibiting 60S subunit joining (Figure 2a) , but the mechanism of the inhibition was not investigated. Another study also concluded that miRNAs might affect 60S joining (107) . The 60S ribosomal subunit and its associated protein, eIF6, which prevents the 60S joining to 40S (108) and regulates translation (109), coimmunoprecipitated with the AGO2-Dicer-TRBP (TAR RNA-binding protein) complex (107) . Depletion of eIF6 from either human cells or C. elegans partially alleviated the inhibition of let-7 or lin-4 miRNA targets, leading the authors to propose that miRISC association with eIF6 disrupts polysome formation by inhibiting 80S complex assembly. However, the validity of these results was brought into question by experiments showing that depletion of eIF6 from Drosophila S2 cells has had no noticeable effect on miRNA-mediated repression (65) . Of note, knocking down eIF6 in C. elegans strongly interferes with the production of mature lin-4 miRNA (107), raising the possibility that it may have impacted the maturation and/or loading of miRNAs into the active miRISC. Also, Ding et al. (110) reported that knockdown of eIF6 in C. elegans enhanced rather than diminished let-7-mediated repression.
Translational repression of initiation and the poly(A) tail. It is well established that the PABP enhances cap-dependent translation of mRNAs, most probably by interacting with the eIF4G of the eIF4F complex (79, 111) . Thus, miRNA-mediated mRNA deadenylation is expected to cause a decrease in translation initiation. Some discrepancies exist regarding the role of the poly(A) tail in miRNA-mediated translational repression. Both the 5 cap and poly(A) tail were required for optimal translational repression of mRNA by a miRNA mimic in HeLa cells in one study (91) , but no substantial difference in the repression between capped poly(A) + and poly(A) − mRNAs was noted by others (46) . More recently, Beilharz et al. (112) reported that deadenylation of the miRNA-targeted mRNA promotes translational repression. Using a mammalian cell extract derived from HEK293 cells overexpressing AGO2 and GW182 proteins and let-7 miRNA, Wakiyama et al. (95) observed no miRNA repression of a nonadenylated mRNA reporter. However, as miRNA induced rapid mRNA deadenylation in the HEK293 cell extract, this result could reflect a potential mechanistic bias of the system favoring (because of the overexpression of miRISC components) the miRNA-mediated deadenylation rather than translational repression. Using an alternative strategy, several groups addressed the role of the poly(A) tail by replacing it with a stem loop, which acts in the 3 -end maturation of nonpolyadenylated histone mRNAs (65, 113) , or by removing the poly(A) tail by the action of a ribozyme inserted in the reporter 3 UTR (114) . These experiments have revealed that in both mammalian and Drosophila cells, nonpolyadenylated mRNAs undergo miRNAmediated repression, although the repression was not always as strong as for polyadenylated mRNAs (112) (113) (114) . Taken together, these data demonstrate that miRNAs repress protein synthesis via both poly(A) tail-dependent and -independent mechanisms.
miRNA Repression at Postinitiation Steps
A number of studies concluded that miRNAs inhibit translation at postinitiation steps (Figure 2) (37, 88, 115-117) . The most persuasive observations that have led to this conclusion originate from polysomal sedimentation analyses. Early investigations in C. elegans (88, 118) indicated that the lin-14 and lin-28 mRNAs, which are targets of lin-4 miRNA, remain associated with translating polysomes during larval development in spite of reduced protein levels. However, Ding & Grosshans (93) 
Thus, the experimental differences may account for the reported contradictory findings. Association of repressed mRNAs with functional polysomes was also observed in mammalian cells using reporter mRNAs targeted by both endogenous (37, 115, 116) and synthetic (117) miRNAs.
Several miRNAs, as well as AGO proteins, have also been reported to be associated with polysomal fractions in both mammalian (11, 115, 119, 120) and plant cells (7) . This served as an argument in favor of the hypothesis that miRNAs inhibit translation elongation (Figure 2b) (116) . However, the degree of translational repression is dependent on the number and possibly also positioning of miRNA target sites in the 3 UTR (34, 35, 46) . Thus, identification of miRNAs or other miRISC components in a polysome fraction of a sucrose gradient is not a definitive proof of the repression acting at the postinitiation translational steps, as cosedimenting miRNA-AGO complexes may not always be repressing their associated mRNAs.
Evidence supporting the postinitiation mechanism is not limited to association of miRNP components and repressed mRNA with translating polysomes. Several groups observed IRES-driven translation being repressed www.annualreviews.org • Regulation of mRNAs by microRNAsby the miRNA machinery (117, 121) , in marked contrast to other studies (46, 91, 95, 97) . In particular, Petersen et al. (117) observed capindependent translation, driven by the HCV IRES and CrPV IRES, being repressed by the CXCR4 miRNA mimic. As IRES elements require fewer (e.g., EMCV and HCV) or any (e.g., CrPV) translation factors to initiate translation, these results are consistent with miRNAs inhibiting translation at a step other than initiation.
What could be the mechanism by which miRNAs inhibit translation at postinitiation steps? Unfortunately, there are no known molecular mechanisms to explain such inhibition. Conclusions drawn from metabolic labeling and ribosome run-off experiments led Petersen et al. (117) to propose that miRNAs may antagonize translation elongation by causing premature termination and subsequent ribosome drop-off (Figure 2b) . Interestingly, similar observations and conclusions were made for translationally repressed mammalian non-STOP mRNAs that lack in-frame termination codons (122) .
On the basis of the demonstrated association of miRNA targets with polysomes, Nottrott et al. (115) proposed that the miRNA machinery recruits proteolytic enzymes to polysomes, which leads to the degradation of nascent polypeptides ( Figure 2b) ; a similar model had been previously put forward by Olsen & Ambros (88) . Although not completely excluded, this model is highly improbable, as targeting polypeptides to the endoplasmic reticulum (ER) (using an ER signal recognition sequence), which should have made nascent proteins inaccessible to proteolysis, had no effect on the degree of the miRNA-mediated translational repression in HeLa cells (46) . Moreover, high-throughput profiling of mammalian miRNA targets demonstrated an overrepresentation of mRNAs coding for membrane and ER proteins among translationally repressed mRNAs (123) .
MODULATION OF miRNA-MEDIATED REPRESSION
miRNAs act preferentially by binding to the mRNA 3 UTR. Hence, it comes as no surprise that 3 UTR-binding proteins, such as HuR (24) or Dead-end 1 (Dnd1) (25) , modulate miRNA-mediated repression. Regulation of miRNA repression by RNA-binding proteins is probably a widespread phenomenon. A comparative study of mRNAs interacting with Pumilio (PUF) proteins, which have been linked to let-7 repression of hbl-1 mRNA in C. elegans (124), showed a considerable enrichment of PUF-binding sites in the vicinity of predicted miRNA recognition sequences in human mRNAs (125) . APOBEC3G (apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3G) also appears to interfere with miRNA repression (92) .
HuR is an AU-rich element (ARE)-binding protein, which counteracts the action of ARE-associating proteins known to destabilize mRNAs. It does so by competing with destabilizing proteins for binding to the mRNA 3 UTR (reviewed in Reference 126). Bhattacharyya et al. (24) demonstrated that HuR relieves the miR-122-mediated repression of CAT-1 mRNA. In human hepatoma cells, CAT-1 mRNA is translationally repressed and localizes to P bodies in an miR-122-dependent manner. In response to cellular stress, such as amino acid starvation or ER stress, HuR translocates from the nucleus to the cytoplasm and, by binding to the CAT-1 mRNA 3 UTR, causes the release of the mRNA from P bodies and into actively translating polysomes. In contrast to the situation with CAT-1 mRNA, repression of c-Myc mRNA by the let-7 miRNA is enhanced by the HuR binding to adjacent AREs (127) . Consistently, depleting cells of HuR abrogates let-7-mediated inhibition of c-Myc. It is possible that HuR binding to the 3 UTR modifies mRNA folding or accessibility of RISC to miRNA-binding sites. This scenario may apply to c-Myc, but is unlikely to operate during CAT-1 mRNA regulation. In the latter case, HuR functions even when its binding site is positioned far away from the miR-122 sites. In addition, HuR derepresses mRNAs targeted not only by miR-122 but also by let-7 miRNA (24).
Dnd1 is an RNA-binding protein that is essential for primordial germ cell (PGC) survival in zebrafish (128) and mouse (129) . Dnd1 prevents miR-221-mediated repression of the p27 mRNA in mammalian cells and miR-430-mediated repression of nanos1 and TDRD7 mRNAs in the PGCs of zebrafish (25) . In zebrafish embryos, the nanos1 and TDRD7 mRNAs are deadenylated by miR-430 in somatic cells, but not in the PGCs regardless of the fact that miR-430 is present in both cell types (130) . Depleting Dnd1, using an antisense strategy, led to a marked miR-430-dependent decrease in both nanos1 and TDRD7 mRNAs. It appears that Dnd1 prevents miRNA-mediated repression of nanos1 and TDRD7 mRNAs by binding to U-rich sequences adjacent to miRNA-binding sites. In this way, it interferes with the miRNA binding to the 3 UTR of target mRNAs (25) .
Two TRIM-NHL family proteins, NHL-2 in C. elegans (26) and TRIM32 in mice (27) , were identified as positive regulators of miRNA activity. The C. elegans NHL-2 is required for full potency of let-7 and lsy-6 miRNAs. It interacts genetically and physically with the worm equivalents of AGO, GW182, and RCK/p54 proteins; the latter protein is implicated in miRNA repression in flies and mammals (20) . The mouse TRIM32 enhances miRISC activity by interacting (via the NHL domain) with AGO1. Intriguingly, both TRIM-NHL proteins appear to enhance the activity of only some miRNAs. How these proteins enhance the repression of selected miRNAs and what specific features of miRISC or miRNA-mRNA complexes they recognize remain unknown.
miRNA-MEDIATED TRANSLATIONAL ACTIVATION
It was reported that miRNAs, in specific situations, activate rather than repress translation (11-13, 131 ). Vasudevan and coworkers (11, 131) found that miRNAs repress translation in proliferating cells but upregulate it in quiescent cells arrested in G0/G1. For example, under serum starvation conditions, the AGO2-miR369-3 complex bound to the 3 UTR of TNFα mRNA was found to recruit the fragile X-related protein 1 (FXR1) and stimulate mRNA translation. Also, tethering of AGO2 or FXR1 to a reporter mRNA 3 UTR activated translation in growth arrested cells. Broad translational activation by miRNAs or AGO2 in quiescent cells is rather unexpected. Of note, in G1-arrested cells in the Drosophila eye, miRNAs were found to repress translation of mRNAs (132) . Thus, miRNA-mediated activation of translation is probably not a general mechanism in nonproliferating cells.
Examples of stimulatory effects of miRNAs interacting with the mRNA 5 UTR were also reported. Orom et al. (12) found that miR-10a interacts with the 5 UTR of many mRNAs encoding ribosomal proteins and is responsible for increased translation of these mRNAs in response to stress or nutrient shortage. The miRNA interaction was mapped to a region immediately downstream of the 5 TOP (5 -terminal oligopyrimidine tract) motif characteristic of mRNAs encoding ribosomal proteins and some translation factors (133) . Surprisingly, miR-10a binding to the 5 UTR of ribosomal protein mRNAs does not seem to follow the classical miRNA-mRNA interaction rules for seed region base-pairing. Previously, a similar nonorthodox base-pairing was proposed for the interaction of miR-16 with the ARE-like element in mRNA 3 UTR (134). It is important to establish what rules apply to these noncanonical miRNA-mRNA interactions.
miR-122, a liver-specific miRNA, stimulates replication of the HCV RNA in hepatoma cells by binding to the 5 UTR upstream of the HCV RNA IRES (135) . More recently, Henke et al. (13) found that miR-122 may also stimulate HCV RNA translation, possibly by increasing ribosome loading on the HCV IRES. As the HCV IRES can be translationally repressed by artificial tethering of multiple AGO2 molecules upstream of the IRES (121), it is possible that, in the experiments of Henke et al., miR-122 does not function by recruiting AGO and GW182 proteins, but rather acts as a chaperone modifying RNA structure and facilitating ribosome access to the HCV mRNA. Additional experimentation is required to understand why miR-122 enhances translation when binding to the HCV 5 UTR but inhibits translation of cellular and reporter mRNAs bearing miR-122 sites in the 3 UTR (24, 127, 136) .
miRNA-MEDIATED mRNA DEADENYLATION AND DECAY
mRNA decay most often starts with the removal of the poly(A) tail by 3 -5 exoribonucleases, which include (a) the CCR4 (carbon catabolite repression 4)-NOT1 (negative on TATA-less) complex, which contains, in addition to other proteins, the deadenylases CCR4/CNOT6 and CAF1/CNOT7 (CCR4-associated factor, an RNase D family deadenylase); (b) poly(A)-specific ribobonuclease (PARN); and (c) poly(A) nuclease (PAN) (137, 138) . Either the mRNA is degraded in a 3 -5 direction, or the 5 -terminal cap is first removed by the decapping enzyme (i.e., DCP1-DCP2 complex), and the body of the RNA is then degraded by Xrn1, a 5 -3 exonuclease (139) . mRNA stability is often under the control of cis-acting elements within the 3 UTR, which recruit protein factors that, in turn, recruit deadenylation enzymes. Examples of these cis-acting elements include AUrich elements, the c-fos RNA coding determinant, and miRNA target sites (28, 140, 141) . miRNAs cause mRNA target degradation in human cells, C. elegans, Drosophila S2 cells, and zebrafish (17, 50, 142, 143) . Many studies showed that perturbing the levels of specific miRNAs, or the activity of the miRNA machinery, has dramatic effects on the level of hundreds of miRNA targets. Several of these studies demonstrated that miRNA-mediated downregulation of target levels has important biological consequences (143) (144) (145) .
Much evidence supports the idea that miRNAs destabilize target mRNAs through deadenylation and subsequent decapping and 5 -3 exonucleolytic digestion. First, poly(A) length determination assays have demonstrated that miRNAs mediate deadenylation of a wide array of targets in a variety of systems. In zebrafish, miR-430 mediates the deadenylation of hundreds of maternal transcripts at the early stage of embryo development (143) . Using mouse P19 embryonal carcinoma cells, Wu & Belasco (146) demonstrated that lin-28 mRNA, whose levels decrease during retinoic acid-induced neuronal differentiation, is deadenylated through the activity of miR-125, a miRNA whose levels increase during differentiation (113) . miRNA-mediated deadenylation has also been recapitulated in both mammalian and Drosophila cell-free extracts (52, 95, 106) (see below).
GW182 and miRNA-Mediated Deadenylation
Deadenylation and the subsequent decapping and decay of mRNAs targeted by miRNAs require the AGO and GW182 components of the miRISC (17) . Knocking down or immunodepleting human AGO2 (106) or Drosophila AGO1 (17) abrogates miRNA-mediated deadenylation and stabilizes miRNA-targeted mRNAs. GW182 proteins, which interact with all mammalian AGO proteins (reviewed in References 43, 60, and 147), and Drosophila AGO1 (17) , are also required for miRNAmediated deadenylation and decapping (17, 18, 52, 65, 95, 106) . The GW182-AGO interaction is mediated via GW repeats in the GW182 N terminus through binding to the AGO MID/PIWI domain (17, 64, (148) (149) (150) . The relevance of this interaction for miRNA-mediated repression was tested using a GW-rich fragment of GW182 termed the AGO hook. A GW182 fragment encompassing the AGO hook region when expressed in Drosophila cells competes with GW182 for binding to AGO and interferes with miRNA-mediated repression (65) . Moreover, adding the hook peptide blocked miRNA-mediated translational repression or deadenylation in vitro (64, 106, 148).
As mentioned above, tethering GW182 proteins to the mRNA represses translation and causes mRNA decay even in the absence of AGO proteins (17, 65, 68, 151) , demonstrating that AGO proteins act as scaffolds to recruit GW182 to the mRNA. Thus, although AGO recruitment to mRNA can be circumvented, GW182 is indispensible. Knocking down GW182 in Drosophila S2 cells abrogates both translational repression and decay of miRNA-targeted mRNAs (17, 52, 68) , demonstrating that GW182 is integral to both miRNA mechanisms of action. Similar results were observed in mammalian cells (67) and in C. elegans (62, 93) . Thus, even though GW182 proteins interact with and recruit the mRNA decay machinery to miRNA-targeted mRNAs (see below), they likely also interact with translation factors and/or ribosomal subunits on target mRNAs to antagonize translation.
CCR4-NOT1 Complex and miRNA-Mediated Deadenylation
GW182 recruits the CCR4-NOT1 deadenylase complex to promote deadenylation of miRNA-targeted mRNAs (Figure 3) . The complex can also be recruited to the mRNA by tethering GW182 to the 3 UTR (17). CAF1 was identified as an AGO-interacting protein by MudPIT (multidimensional protein identification technology) analysis of human AGO1 and AGO2 immunoprecipitates from HEK293 cells (106) . CAF1 was also pulled down from micrococcal nuclease-treated mouse Krebs ascites extracts using a biotin-labeled antilet-7 2 -O-methylated oligonucleotide, indicating that it interacts with let-7-loaded AGO proteins in an RNA-independent manner (106). Knocking down CAF1 or NOT1 blocked the majority of miRNA-mediated deadenylation and mRNA destabilization (114) . In addition, immunodepleting CAF1 from a mammalian cell-free extract dramatically blocked let-7-mediated deadenylation (106) . Thus, the requirement of the CCR4-NOT1 deadenylase complex for miRNA-mediated deadenylation is evolutionarily conserved.
Poly(A)-Binding Protein and miRNA-Mediated Deadenylation
The PABP is also required for miRNAmediated deadenylation in vitro. Depleting the PABP from Krebs extracts blocked let-7-mediated deadenylation, which could be rescued by adding a recombinant PABP (106) . How might a PABP function in miRNAdependent deadenylation? Glutathione Stransferase pull-down experiments, in parallel with in vivo coimmunoprecipitations, revealed that the C terminus of GW182 directly interacts with the C terminus of the PABP in an RNA-independent manner. Moreover, blocking this interaction in Krebs extracts antagonized miRNA-mediated deadenylation in vitro (106) . C-terminal fragments of human (67, 69) and Drosophila (63, 68) GW182 proteins, which contain both the DUF and RRM regions, mediate deadenylation and decay of mRNAs with an efficiency comparable to that of the full-length proteins when tethered to the reporter 3 UTR. Of note, a sequence within the DUF region of both mammalian and Drosophila GW182 proteins shares similarity to a motif [termed a PAM2 motif (152) (153) (154) ] in PABP-interacting proteins that binds the PABP C terminus (106) . Moreover, the recently solved crystal structure of the mammalian DUF oligopeptide in a complex with the PABP C-terminal domain demonstrates that DUF exhibits a fold similar to the PAM2 motif (155) . Thus, the DUF most likely functions as a PAM2-like motif to bind directly to the PABP C terminus.
Taken together, these data demonstrate that miRNA-mediated deadenylation requires the GW182 C terminus to interact with the PABP (Figure 3) . Immunoprecipitated Drosophila GW182 protein interacts with the PABP (156), demonstrating that this interaction is evolutionarily conserved. A GW182-PABP interaction may have multiple roles in miRNAmediated repression. It is conceivable that this interaction juxtaposes the PABP-associated poly(A) tail with the miRISC-associated deadenylase complex to facilitate initiation of the deadenylation reaction (106) . The PABP is www.annualreviews.org • Regulation of mRNAs by microRNAsalso a bona fide translation initiation factor that stimulates 40S ribosomal subunit recruitment and 80S complex formation (79) . The PABP interacts with eIF4G (79, 157) , Paip1 (a PABP-interacting protein that stimulates translation) (152, 158, 159) , and the termination factor eRF3 (160) . Thus, GW182 binding to the PABP may interfere with both translation initiation (by interfering with the mRNA "closed loop" conformation) and termination by blocking PABP binding to the factors listed above, through either competitive binding or steric hindrance. Consistent with this idea, adding a fragment of eIF4G that binds the PABP blocked miRNA-mediated deadenylation in vitro (106) . In addition, overexpression of a fragment of GW182 in Drosophila S2 cells that binds PABP competed with PABP-eIF4G complexes (156) . Using a dsRNA-mediated knockdown strategy to deplete various proteins in Drosophila S2 cells, Izaurralde and coworkers (17) (18) (19) 65 ) screened for factors involved in miRNA-mediated mRNA deadenylation, decapping, and decay. In addition to GW182, they identified the decapping DCP1-DCP2 complex and the decapping enhancer proteins Ge-1, EDC3, HPat, and Me31B. Knocking down key decapping factors led to the stabilization of the deadenylated miRNA targets. Thus, although miRNAmediated deadenylation (Figure 3, step 1) is not sufficient for destabilization of target mRNAs, it mechanistically precedes the miRNA-mediated decapping (Figure 3, step 2 ) (18) .
miRNA-mediated deadenylation is translation independent. It can proceed even when translation is blocked by translation inhibitors, such as cycloheximide (95, 106) or hippuristanol (106) . It is also observed when the start codon of the mRNA is blocked by an antisense oligonucleotide (143) or by insertion of stable stem-loop structures in 5 UTRs that block ribosome scanning (114) . Likewise, it can occur on a model ApppN-capped mini-mRNA devoid of the coding region (106) . These results demonstrate that a miRNA-targeted mRNA does not need to be translationally competent for deadenylation to proceed. Whether an actively translating mRNA first needs to be translationally repressed by the miRNA machinery to undergo deadenylation is an important question. Addition of a recombinant fragment of eIF4G that binds the PABP to Krebs extract blocks miRNA-mediated deadenylation (106) , suggesting that the eIF4G-PABP interaction must be disrupted before deadenylation can commence. As the eIF4G-PABP interaction enhances cap-dependent translation, these data suggest that miRNA-mediated inhibition of translation may precede deadenylation. Indeed, kinetic analysis has revealed that let-7-mediated translational repression occurs prior to deadenylation in a mammalian cell-free extract (106) .
miRNA-mediated deadenylation might also proceed on actively translating mRNAs. Using Xrn1 deletion yeast strains, Hu et al. (161) demonstrated that an actively translating mRNA can be cotranslationally deadenylated and decapped. In keeping with this result, Beilharz et al. (112) observed that the miRNA-mediated deadenylation precedes translational repression of let-7-target mRNAs in mammalian cells. Thus, miRNA-mediated deadenylation may be a cotranslational event as well. This might explain why miRNAtargeted mRNAs are frequently found in association with polysomes (115, 116, 119, 120) . It would be interesting to investigate, using highresolution poly(A) tail length determination assays, whether the polysome-associated miRNA targets are deadenylated.
Although miRNA-mediated deadenylation and subsequent mRNA decay appear to be widespread events (114, 123, 162) , not all miRNA-targeted mRNAs are destabilized (for a review, see Reference 5) . In addition, the Dicer mRNA in mammalian cells is translationally repressed by the let-7 miRNA, but its mRNA level remains for the most part unaffected (123) . Moreover, even though deadenylation can contribute to miRNA-mediated repression, it is not absolutely required. Depletion of the CAF1 deadenylase, which abrogates let-7-mediated deadenylation, alleviates some but not all repression in Krebs extracts (106) . Likewise, inhibiting deadenylation in mammalian cells, using an antisense blocking strategy, reduces but does not abolish miRNA-mediated repression (112) . In addition, efficient miRNAmediated deadenylation in vitro may require the PABP to contact the GW182 DUF motif (106) , but the tethered C-terminal GW182 fragments lacking the DUF or containing mutations in its sequence are still able to efficiently repress protein synthesis in both Drosophila (63, 68) and mammalian (66, 67) cells. Thus, miRNA-mediated mRNA deadenylation and decay cannot account for the entirety of miRNA action.
A MULTITUDE OF INHIBITORY MECHANISMS?
On the basis of the data summarized above, it is clear that the molecular mechanisms by which miRNAs inhibit cap-dependent initiation of translation and mediate mRNA deadenylation and decay have begun to emerge. Nonetheless, there is considerable documentation to support alternative mechanisms in addition to translation initiation. One obvious and logical possibility is that miRNAs effect repression via several disparate or potentially overlapping mechanisms in a cell-or developmentdependent manner. It is also possible that differences in the experimental design favor one mode of repression over another. For example, Lytle et al. (121) reported that the method of cell transfection (for example, cationic lipid versus electroporation) strongly influences the degree of miRNA-mediated repression. Differences in the transcriptional promoters used for driving expression of mRNA reporters might also account for some contradictory data (163) . Although SV40 promotor-driven mRNAs shift into subpolysomal fractions upon repression by miRNA, the TK promotor-driven mRNAs do not. Therefore, promoter-dependent loading of specific RNA-binding proteins and/or differences in mRNA nuclear processing might dictate whether initiation or postinitiation repression dominates. Another attempt to explain the observed discrepancies is based on modeling of rate-limiting steps during translation. Nissan & Parker (164) postulated that some of the discrepancies could result from differences in rate-limiting steps in translation systems or in the mRNA reporters used by different investigators. For example, they argue that mRNAs containing IRESs may be refractory to miRNA inhibition because initiation is not the rate-limiting step during translation of these mRNAs.
CELLULAR COMPARTMENTALIZATION OF miRNA REPRESSION
Much evidence exists indicating that many components of the miRNA machinery and the repression process itself may not be localized in the cytosol but that they occur in association with different cellular organelles or structures.
Roles of P Bodies
Translationally repressed mRNAs can accumulate in discrete cytoplasmic foci known as P or GW bodies (15, 16) or in another class of cytoplasmic aggregates, stress granules (SGs), which form in response to various stress conditions (165) . P bodies also seem to act as sites of the final steps of mRNA degradation (15, 16) , although a recent report indicates that decapping and 5 -3 exonucleolytic degradation of mRNA in yeast already occur on polysomes when mRNA still continues to be translated (161) . P bodies are enriched in proteins involved in mRNA deadenylation, decapping, and degradation. For example, they contain the CCR4-NOT1 deadenylase complex, the decapping enzyme complex DCP1-DCP2, and the 5 -3 exonuclease XRN1 (15, 16) , key factors responsible for mRNA decay. P bodies are also enriched in a group of proteins referred to as decapping activators, including the helicase RCK/p54 (Me31B in Drosophila), HPat1, RAP55, EDC3, Ge-1/Hedls, and the heptameric LSm1-7 complex. As described above, some of the latter proteins (e.g., RCK/p54 and HPat1), or their homologs, act as translational www.annualreviews.org • Regulation of mRNAs by microRNAsrepressors (15, 16, 165) . P bodies lack ribosomes and most of the translation initiation factors.
Consistent with their role in translational repression and mRNA decay, P bodies in metazoans are also enriched in proteins participating in miRNA repression, such as AGOs and GW182s [the GW182 proteins are actually among the "founding" components of P bodies and this is why these structures are also known as GW bodies (166)], and in miRNAs themselves. Moreover, there are several reports describing a correlation between miRNA-mediated translational repression and accumulation of target mRNAs in P bodies and an inverse relationship between P-body localization and polysome association of target mRNAs (24, 46, 92, 167) . For example, CAT-1 mRNA, a target of miR-122 in human hepatoma Huh7 cells, localizes to P bodies when translation is repressed but is redistributed outside of P bodies by stress. Moreover, transfecting miR-122 into cells that do not express miR-122 results in accumulation of CAT-1 mRNA in P bodies (24) . Recently, Nathans et al. (168) demonstrated that miR29a, by interacting with the 3 UTR of the human immunodeficiency virus-1 (HIV-1), targets HIV-1 RNA to P bodies in human T lymphocytes and that disruption of P bodies by depletion of their components enhances HIV-1 viral production and infectivity. Consistent with their enrichment in P bodies, AGO and GW182 proteins and miRNAs interact with different P-body components (17, 20, 45, 46, 62, 167, 169) , and the knockdown of some P-body components, e.g., RCK/p54 in mammalian cells (20) or Ge-1 and combinations of other decapping activators in Drosophila S2 cells (18) , compromises miRNA-induced repression. Notably, a functional miRNA pathway is essential for formation of P-body aggregates. Global inhibition of miRNA biogenesis or depletion of proteins involved in miRNA repression results in dispersal of P bodies in mammalian and Drosophila S2 cells (169, 170) .
Despite the aforementioned observations, which implicate P bodies in the miRNAmediated silencing, important issues regarding the miRNA-P-body relationship remain unresolved. P bodies are highly dynamic structures, altering in both size and number during the cell cycle and in response to changes in the translational status of the cell (15, 16, (169) (170) (171) . Depletion of certain P-body components has a strong effect on their integrity, as visualized by light microscopy. Interestingly, knockdowns of certain P-body components result in the dispersion of P bodies but do not prevent miRNA-mediated repression. These findings indicate that microscopically visible P bodies are not essential for the repression and that the presence of large P-body aggregates is a consequence rather than the cause of miRNA-induced silencing (170) . However, these findings do not exclude the possibility that submicroscopic structures, possibly escaping elimination in knockdown experiments, contribute to the persisting repression. Indeed, studies of the interactions between core protein components during P-body formation in yeast indicate that assembly of submicroscopic complexes, consisting of P-body components, with individual mRNAs is sufficient to engender translational repression and/or decay (172) .
The relative distribution of miRISC components between P bodies and the cytosol represents another issue of contention. Only ∼1.3% of enhanced green fluorescent protein (EGFP)-tagged AGO2 localizes to P bodies in HeLa cells (173) . Moreover, in FRAP (fluorescence recovery after photobleaching) experiments, the P-body-associated EGFP-AGO2 and also GFP-GW182 exchanged with the cytoplasm at a much slower rate than some P-body components involved in mRNA decay (173) (174) (175) . In another study, it was found that only ∼20% of ectopically expressed let-7 miRNA and repressed reporter mRNA localized to visible P bodies (46) . Collectively, these data suggest that the repression either involves submicroscopic P bodies or occurs outside of them. Because many P-body components, including AGO proteins, are also found throughout the cytosol (16), a possible scenario is that repression by miRISCs is initiated in the cytosol and that the 368 Fabian · Sonenberg · Filipowicz repressed mRNAs form P-body aggregates, either small or large, upon run off of ribosomes. P-body proteins having established inhibitory activity on translation (see above) might assist miRISCs in initiating the repression. The fact that miRNA repression can be recapitulated in cell-free extracts also argues against a primary role of P bodies in this process, inasmuch as these aggregates are unlikely to exist in cell-free extracts. However, pseudopolysomes that are formed in extracts from Drosophila embryos (96) might represent P-body-like aggregates, and it will be interesting to analyze them in some detail.
Role of Stress Granules
SGs form upon global repression of translation initiation (165) . SGs share some protein components with P bodies, and SGs and P bodies are frequently located adjacent to each other, possibly exchanging their cargo material (175, 176) . AGO proteins, artificial miRNA mimics, and repressed reporter mRNAs accumulate in SGs (173) . Because SGs are known to form not only in response to stress, but also upon general inhibition of translation initiation (177, 178) , SGs, like P bodies, may play a role in miRNA-mediated repression (173, 178) . However, it is also possible that localization of miRISC components to SGs is solely due to pulling the mRNA-associated, but not necessarily inhibitory, miRISCs to SGs formed in response to stress. The latter possibility could explain why localization of AGO proteins to SGs, but not P bodies, is miRNA dependent (173) . AGO proteins directly interact with core P-body components (17, 20, 64) , but their localization to SGs might depend on association with miRNA to allow interaction with mRNA by base-pairing.
Role of Multivesicular Bodies and Endosomes
Association of a large fraction of AGO proteins with cellular membranes, such as the Golgi and ER, was noted some time ago, but its possible significance remained unexplored (179) (180) (181) . Recent work carried out in Drosophila and in mammalian cells identified MVBs, specialized late endosomal compartments with a characteristic multivesicular morphology, as cellular organelles contributing to miRNA function or miRISC turnover (21, 22) . MVBs sort endocytosed proteins into different compartments, including lysosomes (for proteolysis) and exosomes (for secretion). In both Drosophila and mammalian cells, blocking of MVB formation inhibits silencing by siRNAs and miRNAs, whereas blocking their turnover stimulates silencing. Dissection of the miRNA pathway, in vivo and in vitro, identified the loading of AGO proteins with small RNAs as a step that is enhanced when MVB turnover is impaired by inactivation of HPS4 (Hermansky-Pudlak syndrome 4), a gene originally identified in a Drosophila screen, whose mutation enhances small RNA silencing (22) . Gibbings et al. (21) reached similar conclusions by silencing different mammalian genes involved in MVB metabolism. Both studies investigating the role of MVBs/endosomes concluded that a large fraction of GW bodies [we use this nomenclature because GW182 proteins were mainly used to follow the localization of P/GW-body aggregates; in addition, Gibbings et al. (21) found that a considerable fraction of GW182-containing structures does not contain classical P-body markers] colocalizes with MVBs. Also, GW182 and some miRNAs, but not AGO proteins, were enriched in purified exosomelike vesicles secreted by MVBs. Whether the latter phenomenon represents a specific way of elimination of miRISC components from the cell or is indicative of the miRNA-mediated intercellular communication (182) remains to be established.
In summary, much still needs to be learned about the cellular localization of different steps in the assembly, function, and recycling of miRISCs. It will be interesting to establish how specific miRNAs are transported in neurons to get to dendritic spines, where they are implicated in regulation of local translation in response to synaptic stimulation (183, 184) .
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Erratum
PERSPECTIVES
It is astonishing that miRNAs have evaded the radar of molecular biologists for so long, considering their paramount involvement and impact on organism and organ development, cellular differentiation, viral infection, and oncogenesis. What might we expect in the coming decade? One can anticipate solving the three-dimensional structures of the individual miRISC components and the complex itself. The knowledge generated from these structures, and possibly intermediates in miRISC assembly, should provide a comprehensive view of the molecular mechanism of miRISC formation and function.
An important challenge is to elucidate the interactions of miRISC with components of the translation and deadenylation machinery and to obtain three-dimensional structures of these supercomplexes. Drosophila has only one GW182 protein; however, there are several mammalian GW182 paralogs and isoforms. It is important for future studies to determine their tissue expression profiles during development and to establish whether they have redundant or unique functions. Another important challenge is to determine what dictates whether an mRNAbound miRISC inhibits translation or initiates mRNA decay, or both. Indeed, 3 -UTR architecture, in combination with RNA-binding proteins, such as HuR and Dnd1, has already been shown to regulate miRNA accessibility and/or repressive function. Possibly, similar types of RNA-protein interactions may determine which mechanism, translational repression or deadenylation, is favored for miRNAmediated repression.
Another important new field of miRNA research is identifying new posttranslational modifications to miRISC proteins and determining how these modifications impact miRISC function (reviewed in References 185 and 186). The Dicer-interacting protein TRBP was recently shown to be positively regulated through phosphorylation by the mitogenactivated protein kinase (MAPK) pathway (187) . Moreover, human AGO2 undergoes several forms of posttranslational modification. AGO2 can be hydroxylated at proline 700 by the type I collagen prolyl-4-hydrolylase, a modification that stabilizes AGO2 and localizes it to P bodies (188) . AGO and GW182 proteins are also known to be phosphorylated (166, 189) . AGO2 phosphorylation at serine 387 facilitates its localization to P bodies (189) . AGO2 may be negatively regulated by posttranslational modification, as phosphorylation of tyrosine 529 in the small RNA 5 end-binding pocket interferes with small RNA loading (G. Meister, personal communication). Uncovering new posttranslational modifications and the signaling cascades that lead to these modifications is of paramount importance. As our understanding of the molecular biology of miRNA action increases, it will be possible to gain important insights into the role of miRNAs in health and disease.
SUMMARY POINTS
1. miRNAs inhibit protein synthesis by repressing translation and/or by bringing about deadenylation and subsequent degradation of mRNA targets. Generally, miRNAs function as part of ribonucleoprotein complexes, miRISCs (miRNA-induced silencing complexes), with miRNAs base-pairing to partially complementary sequences in the 3 UTRs of target mRNAs. In certain instances, miRNAs have been also reported to activate translation of targeted mRNAs.
2. Core components of miRISCs include the AGO family of proteins, which directly anchor miRNAs in a deep pocket, and the GW182 family of proteins, which directly interact with AGO proteins via their GW repeats. GW182 proteins act downstream of AGO proteins to effect miRNA-mediated repression. AGO proteins function to bridge the miRNA to the silencing effectors, the GW182 proteins.
